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MEDICAL IMAGING TRANSMIT SPECTRAL CONTROL USING 

APERTURE FUNCTIONS 

BACKGROUND 

[0001] The present invention relates to spectral control during transmit 
operations. In particular, a transmit spectrum for medical imaging is controlled 
using an aperture function. 

[0002] In medical diagnostic ultrasound, transmit acoustic beams are formed 
by generating transmit waveforms independently for a plurality of different 
elements. Relative delays and apodization cause the acoustic energy to generate a 
transmit beam focused at a point or along a region. Sixty-four, 128, 256 or other 
number of elements and associated transmit channels are typically used. Each 
transmit channel consumes power, adds to cost and adds to size. Complex 
waveform generators, such as used for generating sinusoidal or near sinusoidal 
waveforms are expensive. Bipolar, unipolar or simpler waveform generators may 
use less energy, space and cost. However, bipolar and unipolar waveforms limit 
the ability to control the transmit spectrum. For example, unipolar and bipolar 
waveforms have more energy at second harmonic frequencies of fundamental 
transmit frequencies (twice the fundamental) than a sinusoid of a same number of 
cycles. As a result, information at second harmonic frequencies isolated during 
receive operation undesirably includes information generating by the transmitter 
rather than by tissue or reflection. 

(00031 In "Transmit Aperture Processing for Non-Linear Contrast Agent 
Imaging" by Krishnan and O'Donnell, an additional phase shift controls the 
transmitted spectral content. A 90° phase shift is applied to every other element. 
At fundamental frequencies, the resulting amplitude at the focal region is 
decreased by approximately the square root of 2. At the second harmonic 
frequencies, the 90° phase shift is converted to a 1 80° phase shift. At the focal 
region, the waveforms acoustically combine. The resulting combination of 
waveforms with a 1 80° phase difference cancels or reduces energy due to the 
transmitters at the second harmonic. However, the phase shift is applied to 
sinusoidal waveforms. 
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[0004] U.S. Patent No. 6,193,659 implements spectrum control for transmit 
operations with more simplistic waveform generators, such as bipolar or unipolar 
waveform generators. Since these waveform generators may not be able to 
produce a 90'' phase shifted waveform, a delay of one-quarter wave length at the 
center frequency is used. The one-quarter wave length delay is applied to every 
other or to groups of transmit elements. The amplitude at the fundamental 
frequency is decreased by a factor of the square root of two, and information at 
second harmonic frequency of the center frequency is reduced or canceled. 
However, the 3db or other loss at the fundamental center frequency may require 
larger voltages to be applied to the transducer to achieve the desired transmit 
power. The gain is higher at lower frequencies than at the center frequency which 
may introduce a low frequency artifact. The cancellation of the second harmonic 
is narrow so that wide band harmonic signals may not be well suppressed. 

BRIEF SUMMARY 

[0005] By way of introduction, the preferred embodiments described below 
include methods and systems for controlling the transmit spectrum in medical 
imaging. A combination of different delays and/or sign changes is used to control 
the spectrum. The different delays and/or sign changes are applied across the 
transmit aperture. For example, a pattern of three different delays in addition to 
focusing delays is provided, such as no additional delay, a quarter cycle advance 
and a quarter cycle delay. As another example, a pattern is applied where one 
waveform has an additional delay and a sign change and another waveform has no 
sign change and no additional delay. The use of three or more different amounts 
of delay in addition to focusing delays and/or the use of delay and sign change 
may be used in simple unipolar or bipolar transmitters or in more complex 
transmitters. In some transmitters, delay may be implemented with a phase shift. 
The combinations of delays, phase shifts and sign changes is selected to cause 
acoustic summation along the transmit beam with desired spectral content. By 
summing the waveforms in the acoustic domain, a more desired spectral content 
than available for any given transmit waveform is provided. For example. 
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harmonic, second harmonic, odd harmonics, even harmonics or any other 
frequency bands may be sxippressed. 

[0006] In a first aspect, a method for controlHng a transmit spectrum in 
medical imaging is provided. At least three waveforms are transmitted from three 
respective elements in a transmit event. Relative focusing delays or phase shifts 
are applied to the at least three waveforms for the transmission. Additional delays 
or phase shifts are applied between the three waveforms for the transmission. The 
additional delays or phase shifts are selected such that each of the at least three 
waveforms is associated with a different amount of delay or phase shift in addition 
to the focusing delays or phase shifts. 

[0007] In a second aspect, a system for controlling a transmit spectrum is 
provided for medical imaging. A transmit beamformer is connectable with an 
array of transducer elements. The transmit beamformer is operable to relatively 
delay signals from at least three channels to implement focusing delays and 
additional relative delays. The additional relative delays are selected such that 
each of at least three channels is associated with a different amount of delay in 
addition to focusing delays. The additional relative delays are applied in a pattern 
across the array. 

[00081 In a third aspect, a method for controlling a transmit spectrum is 
provided for medical imaging. At least two waveforms are transmitted from two 
respective elements in a transmit event. During the transmission, relative focusing 
delays or phase shifts are applied to the two waveforms. Also during the 
transmission, an additional delay or phase shift and a sign change is applied 
between the two waveforms. 

[0009] In a fourth aspect, a system for controlling a transmit spectrum is 
provided for medical imaging. A transmit beamformer is coimectible with an 
array of transducer elements. The transmit beamformer is operable to relatively 
delay signals from at least two channels to implement focusing delays, an 
additional relative delay and a sign change. The additional relative delay is 
applied in a pattern across the array of elements. 

[0010] The present invention is defined by the following claims, and nothing in 
this section should be taken as a limitation on those claims. Further aspects and 
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advantages of the invention are discussed below in conjunction with the preferred 
embodiments. Various aspects and advantages discussed herein may apply to 
none, some or all embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10011] The components in the figures are not necessarily to scale, emphasis 
instead being placed upon illustrating the principles of the invention. Moreover, in 
the figures, like reference numerals designate corresponding parts throughout the 
. different views. 

[0012] Fig. 1 is a block diagram of one embodiment of a transmit beamformer 
and associated transducer for applying different additional delay patterns; 
[0013] Fig. 2 is a flow chart diagram of one embodiment for implementing a 
product of cosines filter additional delay pattern; and 

[0014] Fig. 3 is a flow chart diagram of one embodiment implementing a 
product of sines filter pattern. 

DETAILED DESCRIPTION OF THE DRAWINGS AND PRESENTLY 
PREFERRED EMBODIMENTS 

[0015] The spectral content of transmit operations is controlled using a cyclic 
phased or delayed aperture. Rather than just a single repeating additional phase 
shift or delay, further additional, different phase shifts, delays or sign changes are 
provided. The additional or more complex pattern in the transmit aperture allows 
for spectral control to provide a wider bandwidth of cancellation, reduced low 
fi-equency artifacts or other changes in the transmit spectrum. A repeating 
aperture pattern of sign changes or multiple additional delays provides for 
cancellation in the acoustic domain along the transmit beam. Precise transmit 
spectrum control may be provided using simple transmitters or more complex 
transmitters. For example, harmonic energy is suppressed using unipolar or 
bipolar transmitters by applying a cyclic aperture with three or more different 
amounts of delay in addition to focusing delays or with a sign change in addition 
to an additional delay. 

[0016] Fig. 1 shows a system for controlling a transmit spectrum in medical 
imaging in one embodiment. An array 12 of transducer elements 14 is connectible 



with a transmit beamformer 16, The system 10 is used for medical diagnostic 
ultrasound. In other embodiments, the system 10 is provided for other medical 
imaging modalities, such as MRI, x-ray or other now known or later developed 
modalities. Additional, different or fewer components may be provided for the 
system 1 0. The system 1 0 represents a transmission path for generating acoustic 
energy to scan a patient. A receive path for image processing or other ultrasound 
processes is provided separately or uses one or more components of the system 10, 
such as the array 12. 

[0017] In one embodiment, the transmit beamformer 1 6 or a portion of the 
transmit beamformer 16 is permanently connected with the array 12, such as the 
transmit beamformer 16 being within a probe housing the array 12. A permanent 
connection includes a multiplexer or other switches for interconnecting channels 
of the transmit beamformer 16 with different selectable ones of the elements 14. 
In other embodiments, the transmit beamformer 16 is connectible with the array 
12 through a plurality of co-axial cables that may be removeably detached from an 
ultrasound system. 

[0018] The array 12 of transducer elements 14 is a linear, 1.25D, 1.5D, 1.75D, 
2D, multi-dimensional, or other now known or later developed array of elements. 
For example, the array 12 of elements 14 has a circular distribution, helical 
distribution, sparsely sampled distribution or other configuration. In one 
embodiment, the array 12 is provided in a hand-held probe for use external to a 
patient. In other embodiments, the array 1 2 is an endoscope or catheter based 
transducer for use from within a patient. 

(00191 The elements 14 are piezoelectric or capacitive membrane based 
elements. The elements 14 convert between electrical and acoustical energies. 
Elements of various sizes and distributions may be provided, such as elements 
spaced at one wavelength or a half wavelength in a rectangular grid. Hexagonal, 
square, circular or other shapes of elements 14 with a uniform or varying thickness 
may be used. The elements 14 are switchably connectible to channels of the 
transmit beamformer 16, such as through a multiplexer, transistors, 
transmit/receive switch network or other now known or later developed device. 



(0020] The transmit beamformer 1 6 is an analog, digital or other now known 
or later developed transmit beamformer. The transmit beamformer 1 6 includes a 
waveform generator 18, focusing delays 20, and additional delays or inverters 22. 
Additional, different or fewer components may be provided, such as providing 
amplifiers for apodization or providing for a single delay for use with multiple 
channels. In one embodiment, the transmit beamformer 16 is any of the transmit 
beamformers disclosed in U.S. Patent No. 6,193,659, the disclosure of which is 
incorporated herein by reference. The transmit beamformer 1 6 is configured in a 
plurality of channels for connection with different elements 14 of the transducer 
array 12. Each channel uses separate or the shared components as other channels. 
[0021] The waveform generator 1 8 is an oscillator, transistor network, 
switches, relays, or other now known or later developed waveform generator. For 
example, the waveform generator 18 is a plurality of bipolar or unipolar 
transmitters for generating bipolar or unipolar square waveforms. As another 
example, the waveform generator 1 8 is a memory and associated digital-to-analog 
converter for generating sinusoidal waveforms. The digital-to-analog converter 
may support a large number of levels, such as 256 or 1024, or a small number such 
as nine. The waveform generator 18 may generate waveforms with increased 
amplitude complexity without generating a sinusoidal waveform, such as 
generating transmit waveforms with seven or fewer than seven amplitude levels. 
A unipolar waveform has two amplitude levels. A bipolar waveform has three 
amplitude levels. The waveform generator 1 8 is a same generator for all or 
subsets of the elements 14. In one embodiment, the waveform generator 1 8 is a 
separate device for each of the channels of the beamformer 16. 
[0022] In one embodiment, a digital or analog delay 20, 22 is provided. In an 
alternative embodiment, the delays are implemented as phase rotators. In yet 
another embodiment, one or more of the additional delays 22 are an inverter. In 
other embodiments, the focusing delays 20 or the additional delays 22 are 
implemented as part of the waveform generator 1 8. For example, a start of 
transmit or start of generation of a waveform is controlled, such that the relative 
delays or phases of waveforms fi^om different waveform generators have different 
delays or phases. Any of various now known or later developed delays, phase 
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shift or inverter devices may be used. The delays 20 and 22 are implemented as a 
single delay for each channel. Two different delays 20, 22 are shown for each 
channel to indicate the two different purposes for the delays. In other 
embodiments, the difference in purpose provides different structures, such as 
providing an additional delay 22 for multiple channels and associated focusing 
delays for each channel. Alternatively, an additional delay is provided separately 
from the focusing delay for every channel. 

[0023] The focusing delays 20 provide for relative delays between each of the 
channels of the transmit beamformer 16. The relative delays in conjunction with 
relative apodization focus the acoustic energy along one or more transmit beams 
for a given transmit event. In one embodiment, the focusing delays 20 are 
operable to focus the acoustic energy to a focal point, but a line focus or multiple 
focus embodiments may be provided. Where multiple focal points or transmit 
beams are generated for a given transmit event, the focusing delays represent a 
combination of delays for each of the different transmit focuses. Alternatively, the 
focusing delays implemented by the delay 20 are provided for one focal point and 
combined with other waveforms responsive to different focusing delays for a 
difFerent focal point in a same channel. Any now known or later developed 
focusing profiles for relative delays may be used. 

[0024] The additional delays 22 are operable to apply additional relative delays 
between the waveforms of different channels. In one embodiment, at least three 
different additional relative delays are provided such that each of at least three 
channels is associated with a different amount of delay in addition to focusing 
delays. For example, about a one quarter delay is applied to about one quarter of 
the total elements 14. About a negative one quarter cycle delay or a one quarter 
cycle advance is applied to a second quarter of the elements 14 where the elements 
of each quarter are all different elements, but some overlap may be provided. 
About half of the elements are maintained free of additional delays further than the 
focusing delays. The half of the elements is elements that are different than the 
elements of the first or second quarters. About one quarter cycle delay or advance 
is used herein to account for implementation tolerances, delays based on 
frequencies near but not at the center frequency and due to controlled timing. 
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About one quarter, about half or about any other grouping of elements is used 
herein to account for inexact groupings. For example, a ten percent variation is 
provided. As another example, gradual shifting in delays is provided such that 
waveforms summed in the acoustic domain effectively provide for the one quarter, 
half or other groupings. 

[0025] In the example above, three different amounts of additional delay are 
provided, such as a one quarter jperiodj advance, a one quarter period delay and a 
zero or no additional further delay. In other embodiments, two, or four or more 
different additional delays are applied to the focusing delays or waveforms. 
[0026] In one embodiment, only a subset of elements 14 or sub-aperture of the 
entire transmit aperture has additional delays provided. Alternatively, additional 
delays are provided across all of the elements 14 in a pattern. A pattern in a sub 
aperture may also be used. In one embodiment, the additional relative delays are 
applied in a repeating pattern, such as a pattern that repeats by element or by 
groups of elements across an azimuth dimension of the array 12. In another 
embodiment, the additional relative delays are applied in a non-repeating pattern 
or a pseudo-random pattern. A repeating pattern simplifies the control structure, 
although a non-repeating pattern may produce a desired beam pattern. In one 
embodiment for use with a multi-dimensional array, the pattern is a two- 
dimensional pattern. For example, each square block of two by two elements 
includes one element for a quarter delay, a diagonally cornered element for a 
quarter advance and the two other elements for no additional delay. This 
checkerboard pattern is then repeated in a further or larger checkerboard pattern 
across the face of the transmit aperture. In alternative embodiments, adjacent 
groups of elements are for a same delay, such as connecting four adjacent 
elements in a line or a square block to a quarter delay, connecting an adjacent four 
elements to a quarter advance and connecting an adjacent or surrounding eight 
elements to no additional delay over the focusing delays. Any of various now 
known or later developed combinations of patterns may be provided. 
[0027] In one embodiment, one or more of the additional delays 22 is replaced 
by an inverter or an inverter is provided in addition to the additional delay 22 for 
one or more channels. For example, a repeating pattern of two different amounts 
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of additional delay and a sign change is provided. The inverters implement the 
sign change by inverting or inversing the waveform signals. For example, a 
waveform for one channel is inverted and delayed with a one-half period delay in 
addition to the focusing delay. Where a non-sinusoidal transmit waveform is used, 
such as a unipolar or bipolar waveform, the inversion acts to invert or perform a 
180 degree phase shift for all frequency components of the transmit waveform. A 
delay of one-half the period acts to apply a 1 80 degree phase shift to the center 
frequency components, but other components of the transmit waveform are shifted 
by different amounts of phase shift. The other waveform or signals on another 
channel are maintained without an additional sign change or additional relative 
delay, but may include either. In the example above, a two channel pattern is 
provided. In alternative embodiments, a pattern of three or more different 
channels or groups of channels is provided. For example, a repeating pattern over 
at least three channels is provided. About half of the elements are maintained free 
of additional delays in additional to the focusing delays and without sign change. 
About another quarter of the channels are operable to invert and delay by about 
one-half a period of the center frequency, and about a remaining quarter of the 
channels are operable to invert and advance by about one-half a period of the 
center frequency. No overlap in the channels for each of the different sign change 
or delays is provided in one embodiment, but some overlap may be provided in 
other embodiments. 

[0028] In one embodiment, waveform inversion is implemented in the 
waveform generator 1 8 rather than as an additional component. For example, the 
waveform generator begins a bipolar waveform with a decreasing voltage rather 
than an increasing voltage or vice versa. As another example, a unipolar 
waveform generator maintains a DC voltage and decreases or increases the DC 
voltage to zero or different voltage level for inverting the waveform rather than 
starting at a zero voltage and increasing or decreasing to a positive or negative 
voltage. Receive circuitry operable to handle the DC voltage from the transmitter 
while isolating echo signals is provided. A biplexer allows a voltage across an 
element while in the receive operation. For example, the transmitter and receivers 
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disclosed in U.S. Patent No. (Application Serial Number 10/185,404), the 

disclosure of which is incorporated herein by reference is used. 
|0029] Figures 2 and 3 are flowcharts representing different embodiments for 
controlling a transmit spectrum in medical imaging. Figure 2 shows controlling 
the transmit spectrum by applying three different relative delays in addition to 
focusing delays to three or more channels. More than three different delays in 
addition to focusing delays may be provided. Figure 3 shows applying a delay in 
addition to focusing delays and a sign change for two or more channels. 
Additional different delays and associated channels may also be used. In yet 
another embodiment, the methods of Figures 2 and 3 are used together, such as 
providing for three or more different delays in additional to focusing delays with 
one or more sign changes. The method of Figure 2 is conceptualized as a product 
of cosine filters, while the method of Figure 3 is conceptualized as a product of 
sine filters. 

[0030] Figure 2 shows a method using three or more different delays for three 
or more respective channels or groups of channels in any of various patterns. In 
act 32, at least three waveforms are transmitted from three elements, respectively, 
in a transmit event. For example, three waveforms are transmitted from three 
elements in a pattern that repeats across the aperture. As another example, four 
waveforms are transmitted from four elements in a repeating pattern. The 
waveforms for each of the elements are a same or different waveform, such as 
transmitting bipolar or unipolar waveforms. In one embodiment, each of the 
waveforms that are transmitted has fewer than seven amplitude levels. In 
alternative embodiments, one or more of the waveforms, such as all of the 
waveforms, are sinusoidal or associated with greater than six amplitude levels. To 
transmit the waveforms for the transmit event in act 32, signals are generated for 
three or more channels in act 26. The signals are analog or digital signals, such as 
analog, unipolar or bipolar waveforms. 

[0031] In act 28, relative focusing delays or phase shifts are applied to the 
three or more waveforms for the transmit event of act 32. For example, focusing 
delays are applied to already generated unipolar or bipolar waveforms. As another 
example, relative focusing delays are applied by timing the generation of unipolar 
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or bipolar waveforms. Alternatively, focusing delays are applied to sinusoidal or 
more complex waveforms. Focusing delays are applied relative to each of the 
waveforms in a transmit aperture. For example, one, two or a plurality of channels 
and associated waveforms are transmitted with a zero delay or phase shift. Other 
channels and associated waveforms are then delayed relative to the zero delay 
channels to focus acoustic energy at a point, line, points or other region. Any of 
various focusing profiles may be used. The relative delays are implemented as 
absolute times in one embodiment, but may alternatively be implemented as a 
delay from the zero delay time in other embodiments. Focusing is alternatively 
provided through phase shifts, such as applying a phase shift for the generation of 
the waveform or applying a phase shift to an already generated waveform. 
[0032] In act 30, additional delays or phase shifts are applied between the at 
least three waveforms or three channels. Each of the group of at least three 
waveforms is associated with a different amount of delay or phase shift in addition 
to focusing delays or phase shifts. For example, two different additional delays 
are applied to two waveforms, resulting in three waveforms with three different 
additional delays in addition to focusing delays. One of the waveforms is 
associated with substantially no additional delay in addition to the focusing delays, 
providing three different amounts of delay or phase shift. In other embodiments, 
four different amounts of delay or phase shift in addition to the relative focusing 
delays or phase shifts are provided. 

[0033] The amount of delay in addition to the focusing delays and the number 
of different delays are a function of the desired spectral content. Any of various 
filters that are a sum of delta fiinctions in the time domain may be implemented 
with a transmitter that provides control of the delay of signals. One class of such 
filters is filters whose frequency response is a product of cosines. Other classes of 
filters include a product of sines. Other now known or later developed spectral 
content ftinctions may be used. For the product of cosines filters, one example 
filter has a transfer fiinction of: 




(1) 
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where /is the frequency and Fc is a particular frequency, such as the center 
frequency of the transmit. That transfer function has a Fourier transform of: 

AFc AFc 

where / is time. At the center frequency of the transmit pulse, a gain of less than 
one is provided. While the DC gain may be higher, the reduction or cancellation 
bandwidth at the second harmonic may be higher than for the simple two different 
delay implementation. 

[0034] To implement the filter described above in equations 1 and 2, about a 
one-quarter delay is applied to about a first quarter of the elements. An about 
negative one-quarter delay is applied to about a second quarter of the elements. 
The elements of the first quarter are different than the second quarter, such as by 
interleaving as a function of element or groups of element across the transmit 
aperture along one or two dimensions. About half of the elements are maintained 
free of additional delays beyond the focusing delays. The half of the elements are 
different elements than the first and second quarters, such as being interleaved 
with the elements of the first and second quarters as a function of element, pairs of 
elements or groups of elements. Three different delays, a delay of one quarter a 
period, an advance of one quarter of a period (e.g., a delay of minus one fourth a 
period) and no additional delay, are provided. In alternative embodiments, phase 
shifts are used in addition to or as an alternative to the delays. Different numbers 
of delays, different amounts of delay, different relative sizes of the transmit 
aperture dedicated to a given delay, different groupings of elements, or different 
patterns of delays across the aperture in one or two dimensions may be used. 
[0035] In one embodiment, a two-dimensional array is grouped into groups of 
four elements in a two by two layout. Within each group of four elements, 
diagonal elements are associated with no additional delay. The other diagonal 
grouping of elements are associated with the one quarter period delay and one 
quarter period advance. Application of relative focusing delays and additional 
delays or phase shifts is repeated in any of various patterns across the array of 
elements for a given transmit event. 
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{0036] Another variant of the product of cosines functions uses two zeros at 
nearby frequencies associated with the desired cancellation bandwidth. For 
example, a double zero in a spectral content is positioned in a second harmonic 
frequency band. Any of various positions may be used for the placement of the 
zeros or the greater cancellation. For example, a fundamental center frequency is 
two megahertz, so that a second harmonic frequency is four megahertz. Each zero 
is positioned within 100 to 400 kilohertz of each other and/or the four megahertz 
second harmonic center frequency. In this example, transfer frmction is given by: 



cos( ^ ) I cos( ^ ) 

2(2Fc + A) 2(2Fc - A)"^ 



(3) 



where A is the frequency shift between 2Fc and the desired position of one of the 
zeros. This transfer fiinction has a Fourier transform proportional to: 

h(t )^h(t ^ + ) . 

4(2Fc'^A) 4(sFc-A) 4(2Fc-\-^) 4(2Fc-^) 

+5(^/+ — — ;+5r/+ + ) 

4(2Fc^l^) 4(2Fc-A) 4(2Fc + ^) 4(2Fc-A) 

' (4) 

Nonsymmetrical placement may be used in alternative embodiments. The value of 
delta function is any of various values, such as 10 to 15 percent of the fundamental 
center frequency. 

[0037] For implementing the filter, the elements 14 of the array 12 are divided 
into four quarters in any of various patterns. Equation 4 provides four different 
delays. Each of the four different delays is applied to the elements 14 in any of 
various patterns. In one embodiment, an additional delay for each element is a 
non zero value, but one or more elements may be associated with maintaining a 
relative delay based only on the focusing delays. Other product of cosines filters 
may be used in alternative embodiments. Functions using three or more different 
amounts of delay in addition to delays for focusing may allow for more optimal 
control of the spectral content of the transmission at the focal regions. 
10038] Referring to Figure 3, a method using another sum of delta functions in 
the time domain that can be implemented with control delay of signals is provided. 
Using a bipolar transmitter, unipolar transmitter with an associated receiver 
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operable at a non zero receive voltage, sinusoidal transmitter or other simple or 
complex transmitters, a product of sine filters is implemented in the time domain. 
[0039] In act 44, at least two waveforms are transmitted from a respective at 
least two elements in a transmit event. Two different amounts of delay and a sign 
change provide for a repeating pattern in the transmit aperture based on two 
waveforms rather than three. Alternatively, pattems of three or more waveforms 
and associated three or more respective delays with or without a sign change may 
be used. In one embodiment, each of the two or more waveforms has fewer than 
seven amplitude levels, such as bipolar or unipolar waveforms. In act 36, the 
signals are generated for the two or more channels associated with the two or more 
waveforms. The signals are analog or digital signals representing any of various 
waveforms described herein. 

[0040] In act 38, relative focusing delays or phase shifts are applied to the two 
waveforms for the transmit event. For example, with a unipolar, bipolar or other 
non-sinusoidal waveform generator, relative focusing delays are applied. 
Focusing delays are applied to the two or more, three or more or any other number 
of waveforms for the transmit event. Focusing delays are applied as a function of 
a one or two-dimensional focusing profile as described above for act 28. 
[0041] In act 40, an additional delay or phase shift is applied to one or more of 
the at least two waveforms. In act 42, a sign change is applied to one or more of 
the at least two waveforms. The relative difference due to the additional delay 
and/or sign change between the two or more waveforms controls the spectral 
content in the acoustic domain. The additional relative delay and sign change are 
selected as a function of the desired spectral content. For example, a transfer 
fiinction proportional to: 

is implemented using an additional delay or phase shift and a sign change. In the 
time domain, the filter of equation 5 is implemented by convolving with: 
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Both equations 6 and 7 use two waveforms. For example, equation 7 is 
implemented by inverting one of the at least two waveforms. The inverted 
waveform is delayed relative to the non-inverted waveform by about a one-half 
period delay in addition to focusing delay differences. The other of the two 
waveforms is maintained without an additional delay above the focusing delay and 
without inversion. For implementing the delays of equation 6, about one half of 
the elements are associated with one fourth of a period advance. The other half of 
the elements are associated with an inversion of the waveform and a one-quarter 
period delay. Other delays and sign changes may be used for a repeating pattern 
of two waveforms or delay sets. The half of the elements is in any of various 
patterns, such as a linear or two-dimensional interleaved distribution. For 
example, a checkerboard pattern by element or groups of elements is provided for 
implementing the two different waveforms. For the pattern based on equation 7, a 
zero gain is provided at DC and at the second harmonic. A unity gain is provided 
at the fundamental center frequency. Suppression of the DC information, a 
maximum gain at the fundamental frequency and the unity gain of the fundamental 
frequency are desired for second harmonic imaging. 

[0042] Another example product of sines based filter may provide a greater 
bandwidth of suppression near the second harmonic frequency. The product of 
sines filter is given by: 



(8) 



In the time domain, equation 8 is transformed into: 



- Sit - r^) + 2S(0 - S(t + -L.) . (9) 
2Fc 2Fc 

[0043] To implement equation 9, about half of the elements of the array are 

maintained free of additional delays and sign changes. For about a quarter of the 

elements, the signals are delayed by about one-half a period of a center frequency 

and inverted. For about another quarter of the elements, the signals are advanced 

by about one-half the period of the center frequency and inverted. In one 

embodiment, each of the quarters and the half of the elements are all separate 

elements, but some overlapping of elements may be provided, such as by 
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gradually altering the delays across a portion of the aperture. A pattern of three 
different additional delays or associated sign changes is provided. The pattern 
repeats across the aperture in one or two dimensions. 

[0044] Another example product of sines function provides for a repeating 
pattern of four different amounts of additional delay and two sign changes. The 
product of sines given by: 

{ 2Fc + a'X 2Fc-A^) (iq) 
that provide for a wider band of cancellation or reduction in signals at the second 
harmonic. The delays and associated inversions based on the transform are given 

by: 

7 7 



one waveform delayed by 



another waveform advanced by 



2(2Fc-hA) 2(2Fc-A)' 
I 7 



2(2Fc^A) 2(2Fc-A)" 



another waveform inverted and delayed by , and 

2(2Fc + A) 2(2Fc-A) 

another waveform, inverted and advanced by ^ ^ 



2(2Fc-\rA) 2(2Fc''A) 
Each of the different combinations of delay and inversion are applied to a 
respective quarter of the elements. Other simple and more complex filters based 
on the product of sines, product of cosines or other functions may be provided 
using different additional delays above focusing delays and/or sign changes. 
[0045] The spectral shaping discussed above is applied with simple 
transmitters, such as unipolar or bipolar transmitters. By applying different delays 
and/or sign changes, spectral content is controlled for harmonic imaging. In other 
embodiments, the spectral control is used for acoustic summation to cancel other 
frequencies or frequency bands, such as the fundamental frequency band or a sub- 
harmonic frequency band. Simple transmitters may be provided in less space than 
more complex transmitters, more likely allowing implementation of the 
transmitters in an ultrasound probe for three and four dimensional imaging. 
Complex transmitters for three or four dimensional imaging may alternatively be 
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used. Complex transmitters or simple transmitters for two-dimensional imaging 
may be provided. 

[0046] Various patterns are discussed above for applying the different relative 
additional delays and/or sign changes. In one embodiment, the pattern varies as a 
function of the steering angle for a scan line of a transmit event. For an axis 
parallel to a component of the scan line vector that intersects a two-dimensional 
array, delays are provided based just on the focusing profile for focusing. For an 
axis perpendicular to the steering vector component, the different additional 
relative delays and/or sign changes discussed herein are applied. For example, 
parallel linear groupings of elements are associated with the different additional 
delay and/or sign change. The linear group of elements is spaced along an axis 
perpendicular to the steering vector component. As the steering vector changes, 
the orientation of the two-dimensional delay or sign change profile discussed 
above also changes. 

[00471 While the invention has been described above by reference to various 
embodiments, it should be understood that many changes and modifications can be 
made without departing from the scope of the invention. For example, any . 
combination of relative delays in addition to focusing delays and/or sign changes 
may be used. Any groupings of different delay and sign changes by element or 
groups of elements may be provided. Any different relative size of groups for a 
given additional delay and/or sign change may be used, such as about a quarter of 
the elements, about a half of the elements, about a third of the elements, about an 
eighth of the elements, or other value. 

[0048] It is therefore intended that the foregoing detailed description be 
regarded as illustrative rather than limiting, and that it be understood that it is the 
following claims, including all equivalents, that are intended to define the spirit 
and scope of this invention. 



